Abstract: Soil and water conservation (SWC) practices in the northern highlands of Ethiopia have important implications for land restoration and biodiversity recovery. The present study determined soil macroinvertebrate (SMI) abundance and diversity in response to spatial conditions i.e., generated by different conservation practices, soil depth, and temporal seasonality with the wet and dry season. The SWC practices considered were exclosure + terrace, exclosure alone, terraces, and non-conserved grazing lands. Each SWC measure was selected in three sites that were considered as replications due to low heterogeneity in terms of human and livestock disturbances and biophysical factors. Soil macroinvertebrates were collected using a monolith according to tropical soil biology and fertility (TSBF) method. The highest density (55%) of SMI was found in exclosures followed by terraces 26%. Non-conserved communal grazing lands account for only 19% of the total. Shannon diversity index was significantly (P < 0.05) higher (1.21) in the exclosures supported with terraces and the lowest (0.9) was observed in the non-conserved communal grazing lands. Diversity was also significantly (P < 0.05) higher (1.26) in wet than dry season (0.70). The highest (41%) Sorensen similarity index among SMI was found between exclosures with terraces and exclosures alone during the wet season. The lowest (20%) Sorensen similarity index was found between terraces alone and exclosures with terraces in dry season. Soil macroinvertebrate abundance was higher in upper (0-10 cm) than lower (10-20 and 20-30 cm) soil depth. Soil macroinvertebrate abundance was positively and strongly correlated with soil moisture (R 2 = 0.85) and soil organic carbon stock (R 2 = 0.95). However, it was negatively (R 2 = −0.71) correlated with bulk density. Generally, the abundance and diversity of SMI increased as exclosures and communal grazing lands are supported with terraces.
Introduction
Land degradation is a common problem in Ethiopian highlands [1] . It is manifested in the form of soil erosion and decline of biodiversity resources in Tigray highlands, northern Ethiopia [2] . It is mainly the result of clearing the natural vegetation and includes deterioration in soil physical, biological, and chemical properties [1] . Grazing on hillsides and other fragile areas is also another The common woody vegetation species identified in exclosures and in communal grazing lands include Acacia etbaica, Carissa edulis, Dodonea angustifolia, Stereospermum kunthianum, Rhus vulgaris, Senna singueana, and Euclea racemosa. Mixed farming systems (crop and livestock) are the main livelihood in the study area. Forest land, cultivated lands, exclosures, and communal grazing lands are the major land uses in the area. 
. The lithology of the study area comprises Mesozoic sedimentary rocks and tertiary basalt [18] . Soils of the study sites developed from calcium carbonate-rich parent material of the Agula shale formation, which consists mainly of marble and limestone [19] . According to World Reference Base [20] soil classification system, Calcaric Cambisols, Vertic Leptosols, Vertic Cambisols, and Lithic Leptosols are the dominant soil types in the study area. Water erosion is an extremely serious problem; and sheet, rill, and gully erosions are observed elsewhere in the study area. The common woody vegetation species identified in exclosures and in communal grazing lands include Acacia etbaica, Carissa edulis, Dodonea angustifolia, Stereospermum kunthianum, Rhus vulgaris, Senna singueana, and Euclea racemosa. Mixed farming systems (crop and livestock) are the main livelihood in the study area. Forest land, cultivated lands, exclosures, and communal grazing lands are the major land uses in the area. The common woody vegetation species identified in exclosures and in communal grazing lands include Acacia etbaica, Carissa edulis, Dodonea angustifolia, Stereospermum kunthianum, Rhus vulgaris, Senna singueana, and Euclea racemosa. Mixed farming systems (crop and livestock) are the main livelihood in the study area. Forest land, cultivated lands, exclosures, and communal grazing lands are the major land uses in the area. Almost all the accessible land is over cultivated or used intensively for grazing; protection and conservation of these degraded sites is through integrated SWC that involve stone faced terraces, grazing restrictions, and plantation development [1, 4] . The most common soil and water conservation measures were terraces in grazing lands and exclosures with or without terraces. They were established since 1997 by the community (Table 1) . Before their establishment, the selected SWC measures had similar history with the non-conserved communal grazing lands in terms of grazing. Besides, the number of mammals in each site was similar.
The area coverage of terraces in grazing lands ranged from 13.87-24.42 ha and that of exclosure with and without terrace ranged 12.74−51.80 ha and 14.02−34.70 ha respectively while area of the adjacent non-conserved communal grazing lands was 11-34.96 ha. Table 1 . Characteristics of the community based SWC measures.
SWC Measures Characteristics
Non-conserved communal grazing lands
Low vegetation cover (Figure 3 ) High proportion of bare soil (personal observation)
High stone cover/coarse fragment (Table 2 ) Sheet, rill, and gully erosion very common(personal observation) Low organic carbon (Table 2 ) Low moisture content (Table 2 ) Approximately not more than 10% vegetation cover (from plot wise estimation)
Stone terraces in grazing lands
Relatively more stable and durable than other physical SWC measures
Higher organic matter than non-terraced fields (Table 2 ) Significantly higher moisture content than non-conserved grazing lands (Table 2) High sediment deposit (personal observation) Approximately not more than 10%vegetation cover (from plot wise estimation)
Exclosures + terraces
Closed from the interference of humans and livestock Enrichment planting common Supported with terraces ( Figure 3 ) High organic carbon (Table 2 ) Sheet, rill, and gully erosion are less common (personal observation) Approximately greater than 50% vegetation cover (from plot wise estimation) Significantly higher moisture content than non-conserved grazing lands (Table 2) Exclosures alone
Closed from humans and livestock interference
No enrichment planting No physical SWC measures ( Figure 3 ) High organic carbon (Table 2 ) Sheet, rill, and gully erosion are less common than non-conserved grazing lands (personal observation) Approximately greater than 50% vegetation cover (from plot wise estimation) Means of each soil property followed by the same letter across each row do not differ significantly at P ≤ 0.05. a, b and c represent mean separation codes or letters. were established since 1997 by the community (Table 1) . Before their establishment, the selected SWC measures had similar history with the non-conserved communal grazing lands in terms of grazing. Besides, the number of mammals in each site was similar. The area coverage of terraces in grazing lands ranged from 13.87-24.42 ha and that of exclosure with and without terrace ranged 12.74−51.80 ha and 14.02−34.70 ha respectively while area of the adjacent non-conserved communal grazing lands was 11-34.96 ha. 
Experimental Design
The three nearby sites selected (i.e., Tesemat, Kerano, and Alasa), considered as replications, were within the same agro ecology in the district. There was no significant difference between spatial heterogeneity in terms of human and livestock disturbance and other biophysical (topography, soil type, and vegetation) among the selected sites. Each of the three selected sites was categorized into four management units described as terraces in grazing lands, exclosures with terraces, exclosures alone, and non-conserved open communal grazing lands (Table 1) .
Three 40 m long and 5 m meter wide (200 m 2 ) transects were laid along the slope gradient and sampling monoliths with a dimension of 25 cm long, 25 cm wide, and 30 cm deep were opened [21] . The transects were considered as sampling locations. The minimum distance between the transects was 75 m. Within the transects or sampling locations, two sampling monoliths at 10 m distance from each other were opened per season (i.e., 4 monoliths within the 40 m transect for the two seasons). In both seasons, a total of 144 monoliths were opened across the three sites. (i.e., 4 SWC measures × 3 sampling locations/transects × 2 monoliths × 2 season × 3 sites)
Soil Macro-Invertebrate Sampling and Identification
The samples were collected during wet (August and September) and dry seasons (April and May) of 2015/16 at 8:00-12:00 a.m. in the morning and 2:00-4:00 p.m. in the afternoon once per month. The soil samples obtained were then carefully hand-sorted on a large plastic tarp and the soil macroinvertebrates (SMI) were preserved in 97% alcohol until identification. Soil macroinvertebrates were identified to family level. The families have been identified in Mekelle University Zoology Laboratory and identification was based on morphological characteristics.
Determination of Diversity Indices of Soil Macroinvertebrates
Shannon's Index of Diversity was used for determining the diversity and its associated evenness [22] . It was calculated as
where: Pi = xi/Σxi xi is the number of individuals in the family i and Pi is the proportion of the total number of individuals belonging to the family i. Evenness or equitability which indicates the degree of homogeneity in abundance between families and is based on the Shannon index of diversity. It assumes a value between 0 and 1, with 1 representing a situation in which all families were equally abundance evenly distributed, and 0 represents complete absence of the family. where H is the Shannon diversity index and S the number of families Simpson's index was used for determining dominance of SMI in response to SWC measures.
where ni is the number of individuals of a family and N is the total number of individuals of all families. The similarity in the composition of the families of SMI within the different SWC measures was determined by using Sorensen's index of similarity [23] . It is calculated as follows
where a is the family number in one of the SWC measures b is the number family in another SWC measure, and c is the number of family common to both SWC measures.
Soil Sampling and Analysis
Soil pH was measured by using a combined glass electrode ph meter [24] in 1:2.5 soil-water, soil bulk density (bd) was measured by the core method; soil organic (oc) by wet oxidation using potassium dichromate [25] . Percent of soil moisture content was calculated as the difference between weight of moist soil and weight of oven dry soil divided by weight of oven dry soil multiplied by 100. Soil organic carbon stock was determined from bulk density, concentration of soil organic carbon, soil thickness, and coarse fragments [26] .
Statistical Analysis
We tested significance level of mean richness, Shannon-Weiner index, Simpson diversity index, evenness and Sorenson similarity index in response to community based SWC measures, depth, and season using SAS 9.2. Comparison of means was made based on Duncan's multiple range tests (DMRT). Principal component analysis (PCA) using Canoco 4.5 and Pearson correlation coefficient analysis using SAS 9.2 was carried out and used to see the relationship between soil properties and abundance of soil macroinvertebrates.
Results and Discussion

Effect of Soil and Water Conservation Measures on Abundance and Diversity of Soil Macroinvertebrates
Comparison of total soil macroinvertebrate (SMI) contents among the community based SWC measures indicated 29.63% of the SMI were recorded in exclosures with terraces followed by terraces 26% and exclosures alone 25%. The lowest abundance (19%) of SMI was found in non-conserved communal grazing lands ( Table 3) .
The presence of higher abundance of SMI in exclosures could be due to low human and livestock interference. Besides, exclosures had high vegetation cover and this might have created a suitable micro habitat for soil macroinvertebrates. Terraces also acted as an important niche for the soil macroinvertebrates. Soil macroinvertebrate abundance increased with plantation or vegetation cover [13] . The lowest SMI in non-conserved communal grazing lands could be due to relatively low organic matter and moisture content. Low organic matter causes a decrease in abundance [27] . Soil compaction through trampling during grazing reduces soil organisms [12, 28] .
Many of the SMI families were found in all the SWC measures. However, certain families-such as family Lumbricidae, Acrididae, Dytiscidae, Staphylinidae, Scutigeridae, Ligiidae, Argasidae and Japygidae-were not found on non-conserved open communal grazing lands (Table 3 ). This could be their degree of sensitivity to disturbance and low organic matter in non-conserved grazing lands. The total abundance of SMI was in the order of exclosures with terraces > terraces > exclosures alone > non-conserved grazing lands. Exclosures with terraces had significantly higher (1.21) Shannon diversity index followed by exclosures alone (1.01) while the lowest (0.9) was found on non-conserved communal grazing lands and terraced grazed lands ( Table 4 ). The presence of significantly higher Shannon diversity index in exclosures could be due to high organic matter, moisture content, and low disturbance. Adeniyi [29] observed high diversity of soil macro fauna in areas where light penetrates, litters of leaves fall and ground is rocky. Other studies suggested that grazing exclusion is important for the recovery of soil fauna [30] because livestock and human activities are restricted [31] . Therefore, grazing decreases macro invertebrate diversity [32, 33] due to decrease of plant biomass [34] . Richness was significantly higher in exclosures with terraces followed by exclosures alone and terraces in grazed lands. This could be due to the presence of micro patches under trees in exclosures that create habitat heterogeneity and better moisture content on terraces in grazed lands. This is in line with Liu et al. [30] , who reported that grazing exclusion has a remarkable effect on richness, where it was significantly higher at the exclosure than at the continuous grazing site. Reduced grazing pressure
can increase species richness [35, 36] . The decreasing order of family richness was as follows: exclosures with terraces > terraces in grazed lands > exclosures alone > non-conserved communal grazing lands.
Simpson's diversity index was relatively higher in exclosures supported with terraces followed by exclosures without terraces (Table 4 ) which could be due to availability of relatively more moisture and organic matter on exclosures soil. Soil organic matter improves soil aeration, temperature, and moisture; and provides a resilient resource base for a wide variety of soil organisms [37] . Tree litter contains high diversity and large numbers of macrofauna [12] .
Non-conserved grazing lands and terraces in grazed land had relatively lower Simpson's diversity index which indirectly shows higher dominance of a certain family that can tolerate disturbances by humans and livestock. A study by Mehraj and Bhat [28] showed that trampling by livestock reduces the diversity of macroinvertebrates. The other reason could be land degradation by erosion, because eroded soils have low diversity of soil invertebrates [38, 39] .
Effect of Soil Depth on Abundance and Diversity of Soil Macroinvertebrates
Mean total abundance of SMI showed a significant (P < 0.05) differences along the three depths where it was higher in 0-10 cm (1852.4 individuals m −2 ), followed by 10-20 cm (894.7 individuals m −2 ), and was the lowest in 20-30 cm (434.20 individuals m −2 ). Thus, SMI in the top soil (0-10 cm) are 51.7 and 76.6% higher than SMI in the 10-20 and 20-30 cm depths respectively (Table 5 ). This shows deeper soil is less preferred by most SMI due to SOC decrease down in depth. Means followed by the same letter across each column do not differ significantly at P ≤ 0.05. a, b and c represent mean separation codes or letters.
The most abundant SMI families in each soil depth were Formicidae followed by Termitidae (Table 5 ). This show Formicidae and Termitidae can inhabit wide ranges of environmental conditions in tropical environments. Lal [15] also described them as the most dominant SMI in the tropics.
Specifically-except for Lumbricidae, Dytiscidae, Staphylinida, Ligiidae, Scutigeridae, Bostrichidae, Argasidae, and Japygidae-the abundance of the other SMI were significantly (P < 0.05) higher in the top soil (0-10 cm) than lower (10-20 cm and 20-30 cm) soil depths (Table 5 ). This revealed surface soil is more appropriate for these soil macroinvertebrates. This could indicate their preference to high amount of organic matter. They could also have better tolerance to light and temperature changes. Even though low in number, the presence of surface dwelling (epigeal) SMI-such as Grylidae, Acrididae, Blattoidae, Cryptopidae, Spirostreptidae, and Japygidae-below 10 cm and soil dwelling (hypogeal) SMI-such as Carabidae, Cryptopidae, Staphylinidae, Formicidae, Termitidae, and Scorpionidae-in subsurface soil (20-30 cm depth) could be their temporal relocation in search of moisture or to hide and protect themselves from predators.
Soil SMI richness was significantly (P < 0.05) higher at the surface (0-10 cm) depth than lower (10-20 cm and 20-30 cm) depths. Surface soil (0-10 cm) was 52% and 62% richer in SMI than the 10-20 and 20-30 cm depths respectively. Furthermore, surface soil (0-10 cm) had significantly (P < 0.05) higher (1.52) Shannon diversity index than the lower 10-20 cm (0.83) and 20-30 cm depths (0.58) respectively. Similarly, Simpson index was higher in surface soil than lower depths which show variation in SMI composition decreased down in depth (Figure 4 ). This could be due to the presence of more pore space, good aeration, and more available food in surface soil. Surface soil is more appropriate to presence of macroinvertebrates [40] . A similar study found that most tropical soil fauna live on the top 10 cm soil depth where organic matter is decomposed [28] . Soil SMI richness was significantly (P < 0.05) higher at the surface (0-10 cm) depth than lower (10-20 cm and 20-30 cm) depths. Surface soil (0-10 cm) was 52% and 62% richer in SMI than the 10-20 and 20-30 cm depths respectively. Furthermore, surface soil (0-10 cm) had significantly (P < 0.05) higher (1.52) Shannon diversity index than the lower 10-20 cm (0.83) and 20-30 cm depths (0.58) respectively. Similarly, Simpson index was higher in surface soil than lower depths which show variation in SMI composition decreased down in depth (Figure 4 ). This could be due to the presence of more pore space, good aeration, and more available food in surface soil. Surface soil is more appropriate to presence of macroinvertebrates [40] . A similar study found that most tropical soil fauna live on the top 10 cm soil depth where organic matter is decomposed [28] . 
Effect of Seasonal Changes on Abundance and Diversity of Soil Macroinvertebrates
Comparison of mean total SMI abundance across seasons indicated significantly (P < 0.05) higher (1784.6 individuals m −2 ) in wet than in dry season (336 individuals m −2 ). Total SMI in the wet season are 81% higher than in the dry season. This indicated most of the SMI are sensitive to high temperatures of the dry season which might have hindered their reproduction or they might have been hidden under stones as a mechanism to adapt to the temperature changes.
A total of 20 families during the wet season and 13 families during the dry season were identified ( Table 6 ). The families commonly found in both season were family Formicidae, Termtidae, Gryllidae, Lycosidae, Scarabaeidae, Scorpionidae, Carabidae, Cryptopidae, Blatidae, Acrididae, Bostrichidae, Spirostreptidae, and Argasidae. The SMI families that were common in 
A total of 20 families during the wet season and 13 families during the dry season were identified ( Table 6 ). The families commonly found in both season were family Formicidae, Termtidae, Gryllidae, Lycosidae, Scarabaeidae, Scorpionidae, Carabidae, Cryptopidae, Blatidae, Acrididae, Bostrichidae, Spirostreptidae, and Argasidae. The SMI families that were common in both season decreased their abundance due to seasonal changes as follows: Lycosidae > Termitidae > Carabidae > Scorpionidae > Spirostreptidae > Formicidea > Scarabaeidae > Acrididae > Blattoidae > cryptopidae. The others-such as Lumbricidae, Staphylinidae, Dytiscida, Scutigeridae, Japygidae, Ligiidae, and Rhinotermitidae-were not found during the dry season (Table 6 ). This indicated these SMI are more sensitive to high temperatures ( Figure 2 ) and this might have hindered their reproduction or they might have died. The other reason is they might be hidden under stones as a mechanism to adapt high temperature. This aspect requires further investigation. Many of the families (i.e., Carabidae, Scarabaeidae, Staphylinidae, Dytiscidae and Bostrichidae) in both seasons belong to the order Coleoptera. This could be due to the presence of sclerotized elytra which cover the membranous flight wings and which might protect them from environmental stress and attack by predators. The most abundant SMI in each season were family Formicidae followed by family Termitidae (Table 6 ). Table 6 . Effect of season on abundance of SMI (individuals m −2 ) (Mean ± SEM).
Soil Macroinvertebrates Wet Season Dry Season
Seasons also brought significant (P < 0.05) variation in SMI richness. The highest was found during the wet season while the lowest was found during dry season ( Figure 5 ). The decrease in abundance and richness of SMI during the dry season (Table 6, Figure 5 ) could be due to lack of resources such as moisture and presence of high temperatures. During the wet season, the Sorenson similarity index in macro invertebrate composition between two SWC measures revealed the greatest (41%) between exclosures with terraces and exclosures alone and the lowest (33%) was between exclosures with terraces and non-conserved communal grazing lands (Table 7) . During the dry season, the highest (39%) Sorenson similarity index among SMIs was found between exclosures alone and non-conserved communal grazing The highest (1.26) Shannon diversity index was found during the wet season but the lowest (0.70) occurred during the dry season. Similarly, Simpson index was high during the wet season ( Figure 5 ). Begum et al., [9] reported that season had greater influence on soil macroinvertebrates. Barros et al., [41] observed high SMI abundance at the rainy season. The decrease in SMI abundance and diversity during the dry season could be due to low moisture content. Besides, diversity is driven by stress such as temperature changes [42] . Similarly, Ali et al., [12] reported that most SMI avoid risk of open space during dry period with high light intensity and temperature.
In both seasons, family Formicidae was the most abundant. This could be due to their ability to adapt to adverse conditions. Ants are found in any type of habitat with greater local diversity and under different types and extent of land disturbances [43] . However, many SMI are sensitive to changes in their environmental conditions [13] .
During the wet season, the Sorenson similarity index in macro invertebrate composition between two SWC measures revealed the greatest (41%) between exclosures with terraces and exclosures alone and the lowest (33%) was between exclosures with terraces and non-conserved communal grazing lands (Table 7) . During the dry season, the highest (39%) Sorenson similarity index among SMIs was found between exclosures alone and non-conserved communal grazing lands, while the lowest (20%) was between terraces and exclosures with terraces. The overall similarity index of SMIs between pairs of SWC measures was not significant (at P < 0.05) except the similarity index between exclosures with terraces and terraces in grazed land in dry season. 
Relative Contribution of Soil Properties to Soil Macroinvertebrates
Soil properties affected the abundance of soil macroinvertebrates. Abundance of SMI was higher in the SWC measures with higher soil moisture content and soil organic carbon stock (i.e., in exclosures and terraces) than non-conserved communal grazing lands, showing that organic matter and moisture are necessary for SMIs ( Figure 6 ). Principal component analysis for the linear relationship between soil properties ( Figure 6 ) in response to SWC measures indicated that axis 1 and axis 2 accounted 78.41% and 19.58% of the total variability, respectively. The abundance of SMI was positively and strongly correlated with soil moisture, organic matter (OM) and soil carbon stock (Table 8 ). This result agrees with Santorufo et al., [44] who found high abundance of SMI in areas with high soil organic carbon content. Pearson correlation also indicated a positive correlation between abundance, soil moisture, and organic matter. Besides, there is a strong and significant correlation between abundance and SOC stock (Table 8) .
Soil bulk density, pH, and coarse fragment content were higher in non-conserved communal grazing lands followed by terraces and were lower in exclosures ( Figure 6 ). However, SMI abundance was inversely proportional-i.e., abundance decreased with the increase of bulk density, pH, and coarse fragment content. The decrease in soil bulk density and soil pH in exclosures is due to the presence of high organic matter. Thus, soils with low bulk density are less compacted and contain enough aeration for soil macroinvertebrates. However, livestock trampling in grazing lands increased soil bulk density and affected the biological soil surface [45] .
was positively and strongly correlated with soil moisture, organic matter (OM) and soil carbon stock (Table 8 ). This result agrees with Santorufo et al., [44] who found high abundance of SMI in areas with high soil organic carbon content. Pearson correlation also indicated a positive correlation between abundance, soil moisture, and organic matter. Besides, there is a strong and significant correlation between abundance and SOC stock (Table 8) .
Soil bulk density, pH, and coarse fragment content were higher in non-conserved communal grazing lands followed by terraces and were lower in exclosures ( Figure 6 ). However, SMI abundance was inversely proportional-i.e., abundance decreased with the increase of bulk density, pH, and coarse fragment content. The decrease in soil bulk density and soil pH in exclosures is due to the presence of high organic matter. Thus, soils with low bulk density are less compacted and contain enough aeration for soil macroinvertebrates. However, livestock trampling in grazing lands increased soil bulk density and affected the biological soil surface [45] . *: correlation is significant at P < 0.05; ns refers to correlation is not significant.
Conclusions
Exclosures improved soil macroinvertebrate (SMI) diversity and abundance. Abundance and diversity of SMI was higher in exclosures that were supported with terraces, followed by exclosures without terraces, while it was the lowest in non-conserved communal grazing lands. Terraces in grazing lands also improved abundance and diversity of soil macroinvertebrates. Land degradation Figure 6 . PCA bi plot graph of studied soil properties. *: correlation is significant at P < 0.05; ns refers to correlation is not significant.
Exclosures improved soil macroinvertebrate (SMI) diversity and abundance. Abundance and diversity of SMI was higher in exclosures that were supported with terraces, followed by exclosures without terraces, while it was the lowest in non-conserved communal grazing lands. Terraces in grazing lands also improved abundance and diversity of soil macroinvertebrates. Land degradation by grazing and other human interferences decreased diversity and abundance of soil macroinvertebrates.
The abundance and diversity of SMI was significantly higher during the wet than dry seasons; and on the top soil than in the lower soil depths. Soil nutrients relatively influenced SMI abundance, as it was positively and strongly correlated with soil carbon stocks and soil moisture, while it was negatively correlated with bulk density and coarse fragment content.
To better protect communal grazing lands, they should either be supported with terraces or establishment of exclosures as these measures improved SMI abundance and diversity.
